• There were no significant effects of host plant and location on fungal richness.
Introduction
Interactions established between insects and fungi have been more intensively studied in recent years, including those involving bark beetles (Hulcr and Stelinski 2016) . Previous research has shown that the information provided could offer new tools for pest insect management (Castrillo et al. 2016) . Megaplatypus mutatus (Chapuis) belongs to the Platypodinae subfamily, whose members along with Scolytinae, are known as ambrosia beetles (Coleoptera: Curculionidae). Unlike most bark and ambrosia beetles, M. mutatus attacks vigorous trees (Alfaro et al. 2007) , where a single gallery built by only one couple of beetles weakens the trunk causing its breakage under the effect of strong wind (Supplementary file S1, available at https://doi.org/10.14214/sf.9940) (González-Audino et al. 2011; Bobrowsky 2013) . Moreover, dark staining produced by the ambrosial mycelia growing on the gallery walls reduces the wood quality (Bascialli et al. 1996) . Megaplatypus mutatus has a wide host range (Giménez and Etiennot 2007) , it has been reported in several countries (Charles et al. 2014) . A major forest pest in Argentina (Alfaro et al. 2007 ) has been considered in this study, achieving the status of an invasive species and an emerging non-native pest in Europe (Tremblay et al. 2000; Allegro and Della Beffa 2001; Funes et al. 2011) . In Argentina, this pest has been found infesting several forest tree species. Investigations of two tree species with commercial importance are included in this study: Populus deltoides W. Bartram ex Marshall and Casuarina cunninghamiana Miq. (Giménez and Etiennot 2007) .
The first studies about ambrosia interactions were based on the specificity between a beetle and a single dominant fungus (Francke-Grosmann 1956; Batra 1963) . However, an increasing number of studies suggest that certain beetle species can have multiple fungal associates (Batra 1966; Gebhardt et al. 2004; Ceriani-Nakamurakare et al. 2016) . Moreover, Kostovcik et al. (2015) suggested that the ambrosia interaction is ecologically dynamic and more species-rich than any other insect-fungus interaction. Ceriani-Nakamurakare et al. (2016) characterized the fungal community associated with M. mutatus and Populus deltoides based on culture dependent methods. Those results showed a high fungal diversity that included the ambrosia fungi, Raffaelea spp. Also other fungal species were frequently detected as having various ecological roles, members of the Fusarium solani and F. oxysporum species complexes, Graphium basitruncatrum, Coprinellus radians and members of Dipodascaceae family were most commonly found. These taxa represented 94.15% of the fungal species isolated from galleries of M. mutatus highlighting the presence of complex, multitrophic interactions (Ceriani-Nakamurakare et al. 2016) .
High-throughput sequencing technologies have improved the understanding of true microbial diversity, as large amounts of genetic information can be obtained without culture-dependent methods (Zhou et al. 2015; Kimura 2016) . This strategy allows a more detailed characterization of community patterns by providing greater depth and detection of rare and non-cultivable species (Hiergeist et al. 2015; Stefani et al. 2015; Hiraoka et al. 2016) . Several studies have applied a metagenomic approach in microbes-beetle interactions, i.e. bacterial communities of Dendroctonus ponderosae (Adams et al. 2013) ; fungal communities associated with bark beetles (Miller et al. 2016) and fungal communities in mycangia of ambrosia beetles (Kostovcik et al. 2015) .
The aim of this study was to characterize the fungal community associated with M. mutatus and different host trees through a metagenomic approach. To our knowledge, metagenomic techniques have not been previously used in investigations of forest pests from Argentina, including Platypodinae species. The aims of this research were to: 1) characterize the fungal communities associated to M. mutatus; 2) compare the culture-independent approach of the present study to a previous culture-based study (Ceriani-Nakamurakare et al. 2016) , in terms of data recovery related to the composition of fungal community; and to 3) test the geographic and host-tree specificity of the assemblage of fungal communities. This research involved two host trees and three locations.
In one of these locations, the fungal community has been previously analyzed by culture-dependent methods (Ceriani-Nakamurakare et al. 2016 ).
Material and methods
Fungal samples were obtained across three locations in Argentina (Fig. 1) , in the phytogeographical region corresponding to the Pampa´s division (Kelt and Meserve 2014 ), during season 2014 (AP) Morse, Province of Buenos Aires (34°45´S, 60°53´W) at 80 m a.s.l. The plant material investigated included P. deltoides, a clone Australian I29/60. Two M. mutatus attacked plants were selected from a 12-year-old commercial poplar plantation. The plantation had a density of approximately 425 trees ha -1 (square of plantation 4 × 4 m), average diameter at breast height (DBH) 68.5 cm. The annual average rainfall ranges from 850 to 1050 mm; the average 10-year temperature shows July is the coldest month with 6.9 °C and January is the warmest month with 25 °C, with extreme temperatures that reach 41 °C in summer and -2 °C in winter (data from the National Weather Service of Argentina).
(BP) Bragado, Province of Buenos Aires (35°10´S, 60°17´W) at 68 m a.s.l. The plant material investigated included P. deltoides, a clone Stoneville 66. Two M. mutatus attacked plants were selected from a 10-year-old commercial poplar plantation. The plantation had a density of approximately 1100 trees ha -1 (square of plantation 3 × 3 m), average DBH 23.2 cm. The annual average rainfall ranges from 800 to 1000 mm; the average 10-year temperature shows July is the coldest month with 7 °C and January is the warmest month with 23.5 °C, with extreme temperatures that reach 45 °C in summer and -6 °C in winter (data from the National Weather Service of Argentina). (CC) Concordia, Province of Entre Rios (31°25´S, 58°04´W) at 31 m a.s.l. The plant material included C. cunninghamiana (Australian beefwood), a species broadly used for shelter belts that provide wind protection for crops and animals (commonly used in citrus plantations in Argentina), and for riverbank stabilization. Therefore, M. mutatus attacked windbreak plants (average DBH 33.5 cm) were selected from a commercial citrus plantation. The annual average rainfall ranges from 786 to 2193 mm; the average 10-year temperature shows July is the coldest month with 12.5 °C and January is the warmest month with 25.3 °C, with extreme temperatures that reach 41.4 °C in summer and -5.1 °C in winter (data from the National Weather Service of Argentina).
Active galleries were recognized according to Funes et al. (2011) . Each attacked tree was cut into an individual log which contained a single active gallery; its maintenance and fragmentation was conducted according to Belhoucine et al. (2011) . From each gallery, 45 representative points were randomly selected and collected with a sterile needle from the gallery surface, and pooled in 50 µL of MicroBead Solution (UltraCleanTM Microbial DNA Isolation Kit, MOBIO Laboratories MOBIO) ( Table 1 ). The gallery samples were obtained in sterile conditions, and all harvesting instruments used were sterilized before and after each usage to prevent contamination.
Total DNA was extracted from collection tubes (the pooled fungal samples), using an UltraClean TM Microbial DNA Isolation Kit (MoBio Laboratories Inc., Solana Beach, USA) with the additional step for alternative lysis, in order to increase yields, following the manufacturer's instructions. The quantity and quality of the DNA was assessed using the Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). In order to document the presence of fungal DNA in each sample, the Internal Transcribed Spacer region of the nuclear DNA (ITS) was amplified using the universal primers ITS1 and ITS4 (White et al. 1990) , with the following PCR conditions: initial denaturation at 94 °C for 3 min, 40 cycles of denaturation at 94 °C for 45 s, annealing at 56 °C for 45 s, extension at 72 °C for 1 min and final extension at 72 °C for 7 min. Reactions were performed in 50.0 ml volumes containing 10 mM PCR buffer supplied by the manufacturer, 1.5 mM MgCl 2 , 1 mM of each dNTP, 10 mM of each primer, 1 U Recombinant GoTaq DNA polymerase (Promega Corp.) and 2 μl fungal genomic DNA. Amplification was visualized by electrophoresis of the PCR products on a 1% agarose gel stained with Gel RedTM (Biotium).
Community metagenomes were subsequently generated from the extracted DNA. Amplicon libraries were sequenced using 454-FLX-Titanium chemistry at INDEAR, Rosario, Argentina. Samples were PCR-amplified using ITS1F-ITS4 nuclear ITS rDNA fungal "barcode" to amplify the internal transcribed spacer region 2 (White et al. 1990; Schoch et al. 2012; Nilsson et al. 2015) . The standard Roche A-adaptor and a unique 10 bp MID (Multiplex IDentifier) tag for each sample (within collection) were attached to the primers. Pyrosequencing was carried out following the standard procedures suggested by the manufacturer, and raw data was processed using QIIME 1.8.0 (Caporaso et al. 2010) . OTUs were clustered at 97% sequence similarity. For each OTU the most abundant read was designated as the representative sequence. Taxonomic assignment was made using the naïve Bayesian classifier (minimum confidence set to 0.8) against the UNITE database. Sequence data were deposited in the GenBank/NCBI as BioProject ID PRJNA453387, PRJNA453390 and PRJNA453397.
To compare the fungal diversity among the samples, the sampling depth was normalized to those of the sample with the smallest number of reads by random removal of sequencing reads. Accumulation curves of observed OTUs of each sample and diversity indexes were calculated. In order to quantify differences in the fungal communities among samples (beta diversity), a matrix of pairwise Bray-Curtis dissimilarities was generated and a Principal Coordinate Analysis (PCoA) was made to visualize sample similarities with the effect of host plant. Pyrosequencing data and all statistical analysis were conducted using QIIME 1.8.0 (Caporaso et al. 2010) following the methods according to Orgiazzi et al. (2013) , unless otherwise stated. Operational Taxonomic Units (OTUs) that were supported by fewer than 4 sequences were removed (Miller et al. 2016) , while singletons (clusters containing only one read) were discarded as they are indistinguishable from sequencing errors (Kunin et al. 2010 ). OTUs were clustered at 97% sequence similarity. For each OTU the most abundant read was designated as the representative sequence (six samples-dataset).
To refine the assignments previously made (vs UNITE database), MegaBLAST searches against the NCBI database and the MycoBank database were conducted (locations-dataset) (Altschul et al. 1990; Robert et al. 2013) . In all cases the consensus sequences obtained from 97% similarity analyses were compared with the datasets obtained from Ceriani-Nakamurakare et al. (2016) . The reference sequences used were published by expert taxonomists and/or deposited in culture collections (if available, sequences of type strains were preferred). A statistical analysis was performed in order to compare the fungal richness in each dataset (R Software Core Development Team 2016, version 3.3.2), employing a Generalized Linear Mixed Models (GLMM) fit by maximum likelihood with Poisson distribution (Breslow and Clayton 1993) , using the lme4 package 1.1-12 (Bates et al. 2015) . Trees were used as a random variable in the GLMM analyses. Assumptions were assessed. The best-fitting model was selected by using AIC. The package "Multcomp" was used performing post hoc Tukey's all-pairwise comparisons among the levels of the factor Site. Alpha and beta diversity of fungal communities in each location was estimated by ACE, CHAO1, Shannon, Simpson and Sorensen indexes (EstimateS version 9.1, Colwell 2013).
Results
The mycobiota associated with galleries of M. mutatus was characterized, and the specificity of fungal assemblages was evaluated amongst three locations in two different host plants from a total of 270 collection points, where each gallery had 45 random points pooled for pyrosequencing samples. The output of pyrosequence analyses achieved a total of 102.830 reads. After the second quality-filtering 42.965 (41.78%) sequences were removed, leaving 59.865 (58.22%) sequences for further analysis. The average read count per sample was 625 with 474-831 average reads as minimum and maximum, respectively. Additional statistics for raw sequence data is provided (Suppl. file S2).
The assembled sequences represented a total of 149 OTUs (97%-similarity) grouped into 14 fungal taxa. The relative abundance of the fungal taxa and evenness of communities are shown in Suppl. file S3. Accumulation curves and diversity indexes were generated on the six samplesdataset (Suppl. file S4 and S5, respectively) . Accumulation curves of fungal communities failed to reach the asymptote, indicating that diversity estimates would increase with deeper sequencing; however, a gradual tendency to reach the plateau is present. Pyrosequence data were analyzed by GLMM and results indicated that the OTUs richness at BP site was significantly higher than for the other two sampling locations (Suppl. file S6).
The Phylum Ascomycota represented the fungal diversity across all samples with 81.2% of total reads, while the Phylum Basidiomycota achieved 18.4% of total reads and unassigned OTUs obtained 0.4%. A closer analysis showed that, within these Phyla, the predominant taxa were: Saccharomycetales (38.7 %), Hypocreales (20.6%), Xylariales (11.6%), Microascales (0.7%) and Agaricales (14.2%). To ascertain how different fungal communities were associated to host type, a principal coordinate analysis was performed (Fig. 2) . Axes 1 and 2 explained 67% of the variability observed between sampled host plants. The PCoA indicated that the samples from the same site were closely related; however, the samples from the same host remained separated.
The refined taxonomic assignments (locations-dataset) with relative frequency per location are shown in Table 2 . A set of biodiversity indexes was computed (Table 3) . Several taxa were highlighted either because they were locally abundant and/or present in all the surveyed locations. As shown in Table 2 , C. insectalens and Fusarium sp. 1 achieved 37.6% of the total relative frequency per taxa and were the only two species present in all host plants and locations, with a frequency range of 2.4-91.4% and 0.01-7.9% per location, respectively.
Sequences assigned to the genus Paracremonium obtained 15.29% of the total, with a range between 0.01-41.8%, and the sequences assigned to Fusarium genus achieved 6.43% of the total with a range between 0.01 and 7.98%, depending on the evaluated location. Four Fusarium spe- with KT828727/KT828739*; Dipodascaceae, OTUs: 1-6-53-100 with KT828738*. Moreover, the analysis shows a similar species recovery, with 91.67% ascribed to FSSC; while FOSC, Graphium sp., Dipodascaceae and C. radians achieved 100% each, i.e. high percentage values mean that a high number of sequences from a previous culture database were found as match sequence.
This data strengthens the congruence of molecular identification by Ceriani-Nakamurakare et al. (2016) and the metagenomics data. The diversity indexes registered lower values in Morse (AP) compared to the other locations; while Bragado (BP) and Concordia (CC) had closer values. The similarity (Sørensen's index, Table 3 ) between Morse and Bragado was the highest at 0.58, whereas between Bragado-Concordia and Morse-Concordia, it had values of 0.44 and 0.27, respectively. Results from the generalized linear mixed model (locations-dataset) showed no significant differences between taxa richness amongst locations (Table 3) .
Discussion
This research involves a metagenomics approach to explore the fungal communities associated with galleries of M. mutatus and their specificity in two different host plants and three locations in Argentina. To our knowledge, this is the first approach using metagenomic methods to investigate mycobiota associated with Platypodinae species.
We found that the Ascomycota was the most abundant Phylum. Those detected more frequently were Saccharomycetales and Hypocreales in all locations. The location or the host plant species did not have any effect on their abundance. Previously, Hu et al. (2015) reported high abundance of Saccharomycetales within galleries of Dendroctonus armandi, while Scully et al. (2014) reported that gut communities of Anoplophora glabripennis were consistently dominated by Hypocreales. These results suggest that the environmental conditions present in the gallery were suitable for these taxa. One sampled P. deltoides (Morse, AP1) tree achieved the highest abundance of C. radians, a member of Phylum Basidiomycota (91.8% of relative frequency), and the lowest abundance of members of the Phylum Ascomycota (8.2%). This fungus may have been present as an endophyte or a wood-decaying species prior to the insect attack (Eslyn and Lombard 1984; Sun et al. 2011) . The results obtained during this study complement the previous data reported by Ceriani-Nakamurakare et al. (2016) representing the first comprehensive analyses on fungal communities associated to M. mutatus. Taking into account that these associations may indirectly affect bark beetle population dynamics (Popa et al. 2012) , the information here analyzed improves our skills to develop new or underexplored control strategies.
Principal Coordinates Analyses show a separation between fungal communities within the same host (P. deltoides and C. cunninghamiana). These data suggested that the host identity species and anatomic characteristics are not crucial factors determining the specificity in fungal communities. In the same way, the results obtained by Sorensen index and by GLMM (significant differences for BP and no significant differences from locations-dataset) support the conclusion arise from PCoA. Taking into account that Bragado and Morse share climatic conditions and bio-logical biotic factors (e.g. genetic inputs), it is plausible to assume that the differences observed in terms of fungal community could be related to the contrasting forestry management, which might influence the micro-environmental conditions, and/or others factors previously reported with impact on the structure of fungal assemblages (Martínez-García et al. 2015; Schimann et al. 2016; Pérez-Izquierdo et al. 2017) .
These results have an impact in the context of biological invasions, taking into account that numerous exotic pest and pathogen introductions have led to significant ecological and/or economic damage (Hulme 2009; Ramsfield et al. 2016) . Wood-infesting pests can negatively impact forest productivity, wood quality and forest ecosystem dynamics (Dreistadt et al. 1990; Liebhold et al. 1995; Boyd et al. 2013; Charles et al. 2014) . The low specificity of fungal community could increase the risk in terms of biological invasion spread (Hulcr and Dunn 2011; Ploetz et al. 2013) , since M. mutatus could increase the dissemination of fungal species transiently associated to the insect being plant pathogen associations or not.
Candida insectalens and Fusarium sp. 1 (ascribed to FSSC), appear in all geographic locations and host plants, highlighting the potential role of these species in the Fungi-M. mutatus-Host plant interaction. Candida species are widely recorded as yeasts associated with ambrosia beetles (Batra 1966; Francke-Grosmann 1967) . This genus has been reported in associations with Platypus cylindrus, P. lewisi, P. koryoensis, among others (Henry 1967; Endoh et al. 2008; Yun et al. 2015) . Candida insectalens was originally isolated from the gallery system of a platypodid ambrosia beetle Crossotarsus externedentatus infesting Cryptocarya latifolia and Ficus sycomorus in South Africa (Van der Walt 1972). Endoh et al. (2011) isolated a Candida species that was phylogenetically related to C. insectalens from P. quercivorus beetle galleries of several Quercus species and Castanopsis cuspidate in Japan, showing high frequencies among all sources analyzed. Those results supported the importance of C. insectalens in the interaction established by platypodids, independently of the host attacked. In our work currently under preparation, this species was registered as a gut-associate of M. mutatus (unpublished data).
The association between Fusarium sensu lato and ambrosia beetles has been reported in several previous publications Ceriani-Nakamurakare et al. 2016; Short et al. 2017) . In this study, the presence of Fusarium species was detected in all locations investigated; Fusarium sp. 1 (FSSC), Fusarium sp. 2 and Fusarium oxysporum species complex (FOSC) were recorded and each one had a particular representativity among locations. Fusarium solani species complex (FSSC) was the only one to appear in all the locations, Fusarium sp. 2 was present in Morse and Bragado, and FOSC was only found in Concordia. Taking previous data from a culture dependent approach (Ceriani-Nakamurakare et al. 2016 ) into consideration, a higher relative frequency from this genus was expected; but 8.24% was the highest relative frequency recorded from Bragado, and the lowest was 0.11, from Morse. One possible explanation is the ability of the genus Fusarium to grow in culture medium and to surpass other fungal species by employing different methods, i.e. resource competition, release of metabolites and high rates of sporulation (Dighton et al. 2005; Chatterjee et al. 2016) , which could lead to register high frequencies in cultures. The interaction between Fusarium species and several species of ambrosia beetles have been already reported (Kasson et al. 2013; Ceriani-Nakamurakare et al. 2016) . However, it is diffi cult to elucidate their significance in the interactions, taking into account the many roles that this genus plays in the ecosystem, i.e. entomopathogenic, nutritional and symbiotic partner (Qi et al. 2011; Scully et al. 2012) .
Phaeoisaria clematidis appeared with a high frequency in this study, mostly associated with samples obtained from Bragado. This fungus is a ubiquitous, cosmopolitan, soilborne species, and a well-known plant pathogen. It is very common in the tropics, frequently isolated on dead plant material (Guarro et al. 2000) and it has been associated with decaying wood (Tsui et al. 2003; Whitton et al. 2012) . Other species of this genus have been reported associated with stained wood from bark beetle galleries in timber trees in New Zealand, Norway and Western Canada (Eyjolfsdottir 1990) . It is possible to conclude that this high frequency responds to the wood decay process in sampled trees rather than a key association with the insect.
An unexpected result was almost complete absence of Graphium and Raffaelea species. During this study, only one species of Graphium was found in Morse (P. deltoides). However, during the sample collection for this study, synnematas corresponding to Graphium species were detected in all galleries from the three locations. Hence, the lack of representatives in metagenomic data may be due to the methodology used rather than a weak association in the interaction. Ceriani-Nakamurakare et al. (2016) , through a culture-dependent approach and direct observation, recorded G. basitruncatum in the new segments of the gallery and on male exoskeleton. Additionally, species of Graphium have been reported as insect-vectored (Cruywagen et al. 2010) , associated with Scolytodes unipunctatus (Hulcr et al. 2007; Kolařík et al. 2015) and Platypus cylindrus` mycangia (Bellahirech et al. 2014) , supporting the hypothesis that this fungal genus could be relevant in the interactions.
On the other hand, Raffaelea species were not detected in this study, although this genus is frequently reported in ambrosia interactions (Ceriani-Nakamurakare et al. 2016; Ploetz et al. 2017) . These results could be due to the known problems of using ITS markers with certain groups of ambrosial fungi (Fraedrich et al. 2008; Kostovcik et al. 2015) . Ceriani-Nakamurakare et al. (2016) , using a culture dependent approach, reported Raffaelea arxii and three additional Raffaelea species.
The results obtained through the culture-independent approach in this study and the previous culture-dependent study (Ceriani-Nakamurakare et al. 2016) , were used to generate a match sequence percentage between the culture study database and the metagenomic database. This analysis indicates that the current results complement the data obtained by culturing methods. Metagenomics is a powerful tool for the characterization of fungal species diversity providing comparative results on many species and genera. Mismatches during PCR reaction may have resulted in some lineages of fungi being missed entirely; because of this, a multiple approach can improve the accuracy and the understanding of the fungal assemblages associated to M. mutatus, as was pointed out by Gazis and Chaverri (2010) . Thus improving the accuracy and the understanding of the fungal assemblages associated to M. mutatus, as was pointed out by Hennessey et al. (1986) .
Conclusions
Host plant and location did not show any significant effects on fungal richness. Regarding the obtained taxa, Fusarium and Candida species were present in all the studied associations. Finally, the composition of fungal communities associated to the beetle M. mutatus would not be determined by the identity of the host plants.
